Portal vein thrombosis (PVT) complicates the liver transplant operation and potentially affects waiting list survival. The implications on calculations of survival benefit, which balance both waiting list and posttransplant survival effects of PVT, have not been determined. The objective of this study is to describe the effect of PVT on the survival benefit of liver transplantation. Using Scientific Registry of Transplant Recipients data on adult liver transplant candidates wait-listed between September 2001 and December 2007, Cox proportional hazard models were fitted to estimate the covariate-adjusted effect of PVT on transplant rate, waiting list survival, and posttransplant survival. We then used sequential stratification to estimate liver transplant survival benefit by cross-classifications defined by Model for End-Stage Liver Disease (MELD) score and PVT status. The prevalence of reported PVT among 22,291 liver transplant recipients was 4.02% (N ¼ 897). PVT was not a predictor of waiting list mortality (hazard ratio ¼ 0.90, P ¼ 0.23) but was a predictor of posttransplant mortality (hazard ratio ¼ 1.32, P ¼ 0.02). Overall, transplant benefit was not significantly different for patients with PVT versus without PVT (P ¼ 0.21), but there was a shift in the benefit curve. Specifically, the threshold for transplant benefit among patients without PVT was MELD score >11 compared to MELD score >13 for patients with PVT. PVT is associated with significantly higher posttransplant mortality but does not affect waiting list mortality. Among patients with low MELD score, PVT is associated with less transplant survival benefit. Clinicians should carefully consider the risks of liver transplantation in clinically stable patients who have PVT. Liver Transpl 16:999-1005,
The development of extrahepatic portal vein thrombosis (PVT) may markedly complicate the management of patients with chronic liver disease. Even though most patients are diagnosed with PVT incidentally during the workup of their liver disease, some may present with decompensation of previously stable disease. 1, 2 PVT is thought to be associated with increased resistance to portal flow from architectural changes in the liver associated with cirrhosis. In addition, PVT may be associated with acquired or inherited abnormalities of coagulation. [3] [4] [5] PVT is also frequently noted in the setting of cirrhosis and hepatocellular carcinoma (HCC) and is generally associated with a poor prognosis. 6 Overall, the prevalence of PVT among patients with cirrhosis ranges from 1%-16%, and a substantial number of these patients present for liver transplant evaluation. 1, 4, 7, 8 Occlusive PVT also complicates the liver transplant operation and is known to be associated with a significantly higher posttransplant mortality rate. 9, 10 However, little is known about the natural history of patients with chronic liver disease and PVT who are listed for transplantation. Historically, patients who have cirrhosis with PVT were considered to be at increased risk of death related to bleeding complications, but improvements in the prophylactic management of esophageal varices have reduced these risks. 11, 12 Patients with PVT may have difficult-to-manage ascites and hepato-hydrothorax, among other complications of portal hypertension. Within this context, it seems logical that patients with cirrhosis complicated by PVT would have a higher risk of waiting-list mortality, as suggested by recent results from our singlecenter study. 13 If patients with PVT have significantly worse waitinglist survival, then consideration for augmented access to transplantation would be appropriate, given the current emphasis on waiting list mortality risk. The Model for End-Stage Liver Disease (MELD) score is currently the major criterion for deceased donor liver allocation. Although assignment of exception MELD score points to candidates with documented PVT seems logical, it may be appropriate to consider whether increased access to transplant should be granted to a group of patients with demonstrably inferior posttransplant outcomes. Therefore, in our current study, we compared the survival benefit of liver transplantation among patients with and without PVT by comparing posttransplant to waiting-list mortality risk by PVT status. The findings of this analysis may have policy implications for patients with PVT who are on the liver transplant waiting list.
PATIENTS AND METHODS
Data were obtained from the Scientific Registry of Transplant Recipients (SRTR) and based on patientlevel data submitted by transplant centers in the United States to the Organ Procurement and Transplantation Network (OPTN). All liver transplant candidates who initially were wait-listed at age !18 years between September 2001 and December 2007 were included in the study cohort. After excluding patients for whom PVT status was missing (7.3%), the final study cohort consisted of n ¼ 46,530 patients.
In the SRTR database, PVT status is reported at 2 different times. It is reported for liver transplant candidates (recorded as of the time of wait-listing) and for transplant recipients (recorded as of the time of transplant). For the purposes of evaluating waiting-list mortality, the PVT field from the candidate file was used. For analysis involving transplant recipients, the PVT field from the recipient file was used. On occasion, the PVT fields in the candidate and recipient files did not correlate (2.0% of patients). Considering that it would be statistically invalid to use data from the recipient file for wait-list outcome measurements, we did not specifically make adjustments when the 2 PVT covariates were not in agreement.
Each candidate was observed until death, censoring only for the earliest of 3 events: living donor liver transplant, loss to follow-up, or the end of the observation period (December 31, 2007). For the purposes of descriptive analysis, the study cohort of candidates was divided into 2 groups: liver transplant candidates with PVT (PVT candidates) and without PVT (non-PVT candidates). Univariate comparisons were made between the PVT and non-PVT groups for all candidates (Table 1) . Similarly, the study cohort of recipients was divided into 2 groups: liver transplant recipients with PVT (PVT recipients) and without PVT (non-PVT recipients). Univariate comparisons were made between the PVT and non-PVT groups for all recipients ( Table 2 ). For each deceased donor liver transplant, donor risk index (DRI) was computed as defined by Feng et al. 14 Cox regression was used to estimate the covariateadjusted effect of PVT on the rates of transplantation, waiting-list mortality, and posttransplant mortality, with separate models fitted for each endpoint. Each model included an indicator for PVT status (1 ¼ yes; 0 ¼ no) and the following adjustment covariates: race, sex, age, body mass index (BMI), serum creatinine, bilirubin, international normalized ratio (INR), albumin, sodium, HCC diagnosis, etiology of liver disease, diabetes, dialysis, and previous malignancy.
For the time-to-transplant model, patients began follow-up at the date of initial placement on the waiting list and were followed until the earliest of 4 events: death, transplant, loss to follow-up, or end of study. Patients receiving a living donor transplant were considered censored at the time of transplant. The model was stratified by MELD score and donation service area. MELD score, creatinine, bilirubin, INR, sodium, and dialysis were coded as time-dependent covariates. Time intervals during which a patient was inactive were excluded from the analysis.
For the waiting-list mortality model, follow-up was the same as in the time-to-transplant model. No covariates were time-dependent, and inactive time was included in the analysis.
To model posttransplant mortality, recipients began follow-up at the time of deceased donor liver transplantation. No covariates were time-dependent; MELD score, creatinine, bilirubin, INR, sodium, and dialysis were coded as of their final pretransplant values. In addition to the covariates listed above, the posttransplant mortality models also included the following recipient characteristics at the time of transplant: sex, age, etiology of liver disease, intensive care unit and life-support status, diagnosis of HCC, previous abdominal surgery, ascites, creatinine, albumin, year of transplant, payor status, BMI, ABO blood type compatibility, cold ischemia time, and components of the DRI, including: donor age, donor race, cause of death, donation following cardiac death status, and split liver status. Two posttransplant mortality models were fitted. In the first, the PVT hazard ratio (HR) was assumed to be constant throughout the posttransplant follow-up period. This assumption was relaxed in the second model, which allowed for distinct PVT HRs for the 0-30, 31-365, and >365 days posttransplant time intervals. Furthermore, within all posttransplant survival models, we investigated interactions between PVT, HCC, and clinical transplant volume (measured in quartiles).
The analysis of liver transplant benefit was carried out using sequential stratification, an extension of Cox regression for evaluating time-dependent treatments (eg, transplantation) in the presence of time-dependent patient characteristics (eg, MELD). [15] [16] [17] [18] A separate stratum was created for each deceased donor liver transplant. Each stratum included the transplant recipient and a matched set of ''control'' patients who, at the same number of days since listing, were active on the waiting list and had the same MELD score as the index patient at the time of transplant; were in the same age group; and were wait-listed in the same donation service area as the index-transplanted patient. Once entered into a stratum, matched controls were not censored by any of the following subsequent events: MELD score changes, removal from the waiting list, or subsequent receipt of a transplant. All strata were then combined, and Cox regression was used to estimate covariate-adjusted HRs specific to MELD Â PVT status. All statistical analyses were performed using SAS (version 9.3.1; SAS Institute; Cary, NC). This study was approved by the U.S. Health Resources and Services Administration (HRSA) SRTR project officer. HRSA determined that this study satisfies the criteria for the institutional review board exemption described in the ''Public Benefit and Service Program'' provisions of 45 CFR 46.101(b)(5) and HRSA Circular 03. 19 
RESULTS

PVT Among Wait-Listed Liver Transplant Candidates
Characteristics of PVT and non-PVT candidates are presented in Table 1 . The prevalence of reported PVT among 46,530 candidates wait-listed for liver transplant was 2.1% (n ¼ 957). Liver transplant candidates with PVT were older (53.2 6 9.5 versus 52.5 6 9.4, P ¼ 0.0126), more likely to be white race (73.9% versus 72.9%, P ¼ 0.0006), and had a higher mean MELD score at the time of listing (18.6 6 8.1 versus 17.6 6 8.0, P < 0.0001). Candidates with PVT were less likely to have hepatitis C virus-related cirrhosis as a diagnosis (32.1% versus 42.3%, P < 0.0001). In addition, candidates with PVT had a lower mean albumin (2.9 6 0.07 g/dL versus 3.0 6 0.07 g/dL, P < 0.0001), had a lower mean sodium (136.1 6 5.1 mEq/L versus 136.4 6 4.9 mEq/L, P ¼ 0.0004), were more likely to be diabetic (28.0% versus 22.2%, P < 0.0001) and were more likely to be hospitalized at the time of listing (21.2% versus 13.1%, P < 0.0001).
The percentage of candidates with PVT who underwent transplantation (53.0%, n ¼ 507) was not significantly different than the percentage of candidates without PVT who underwent transplantation (50.4%, n ¼ 22,960). The mean time to transplant was 4.2 6 0.8 years for patients with PVT versus 4.5 6 0.8 years for candidates without PVT (P ¼ 0.03). Among liver transplant candidates, a time-to-event model was created for transplant rate. Model adjustments included: age, race, MELD components, diagnosis, BMI, albumin, sodium, diabetes status, dialysis status, hospitalization status, history of previous malignancy, and PVT.
Results of the Cox regression analysis are illustrated in Fig. 1 . PVT was not independently associated with the covariate-adjusted liver transplant rate (HR 
PVT Among Liver Transplant Recipients
The characteristics of PVT and non-PVT transplant recipients are presented in Table 2 . The prevalence of reported PVT among 22,291 liver transplant recipients was 4.02% (n ¼ 897). Liver transplant recipients reported with PVT were significantly older (54.0 6 9.1 years old versus 52.8 6 9.5 years old, P ¼ 0.0002), were significantly more likely to be Caucasian (76.4% versus 73.9%, P ¼ 0.0012), and had significantly higher MELD score at the time of liver transplant (21.8 6 8.7 versus 20.9 6 9.0, P ¼ 0.0044). There was no significant difference in the mean DRI between liver transplant recipients with and without PVT. Liver transplant recipients with PVT had significantly lower albumin (2.9 6 0.7 g/dL versus 3.0 6 0.7 g/dL, P ¼ 0.0452) and were more likely to have ascites (77.0% versus 72.6%, P ¼ 0.0035) and diabetes (26.1% versus 21.4%, P ¼ 0.0008). Liver transplant recipients with PVT were more likely to have been hospitalized at the time of transplant (32.2% versus 25.9%, P < 0.0001), to have had previous abdominal surgery (51.7% versus 42.8%, P < 0.0001), and to have had public insurance as a primary payer (43.4% versus 39.0%, P ¼ 0.0083).
The presence of PVT was associated with significantly higher covariate-adjusted posttransplant mortality risk (HR ¼ 1.32; P ¼ 0.02), as shown in Fig. 1 . Based on a second posttransplant model, which is described in Table 3 , the presence of PVT was associated with a significantly higher adjusted posttransplant Figure 1 . Covariate-adjusted effect of PVT on transplant rate, waiting list mortality, posttransplant mortality, and transplant benefit. A transplant benefit (HR mortality TX/WL) value of >1 is associated with less benefit from transplantation and <1 is associated with more benefit from transplantation compared with remaining on the liver transplant waiting list. mortality only during the first year of follow-up, with HR ¼ 1.50 (P ¼ 0.008) from 0-30 days posttransplant, HR ¼ 1.52 (P ¼ 0.0001) for days 31-365, and HR ¼ 0.94 (P ¼ 0.73) more than 1 year following transplant.
To address the clinically important issue of PVT in patients with a diagnosis of HCC, we investigated for potential statistical interactions between these 2 variables. No significant interaction was noted between PVT and HCC for any model. For example, the interaction term for PVT/HCC in a model of overall survival following liver transplantation was HR ¼ 0.92, 95% CI ¼ 0.60-1.43, P ¼ 0.7. Similarly, to address the potentially clinically relevant issue of transplant center clinical volume and posttransplant survival, we investigated for potential statistical interactions between center volume and survival among patients with PVT. No significant interaction was noted between PVT and center clinical volume in any posttransplant survival model.
PVT and Transplant Survival Benefit
Liver transplant survival benefit was estimated by sequential stratification and quantified by the covariate-adjusted posttransplant to waiting-list mortality HR. Because it is known that the benefit of liver transplantation depends strongly on MELD, all models estimated MELD category-specific benefit HRs. 17, 20 First, we estimated the overall impact of PVT (ie, averaged across all MELD categories) on liver transplant benefit. This was done through a model which, in addition to estimating MELD category-specific HRs, also included a transplant Â PVT product term, through which the HR ''multiplier'' associated with PVT was estimated. A PVT HR multiplier <1 would indicate that PVT decreases (increases) the transplant benefit HR, which, in turn, would imply that PVT increases (decreases) transplant survival benefit. Overall, averaged across all MELD categories, transplant benefit was similar among patients with and without PVT (HR ¼ 0.90; P ¼ 0.21), as presented in Fig. 1 .
In addition to examining the overall association between PVT and liver transplant benefit, we sought to estimate the effect of PVT on benefit within MELD A ratio less than 1 suggests a benefit from transplantation and a ratio greater than 1 suggests no benefit from transplantation. Covariate-adjusted benefit of liver transplantation among patients with and without PVT, stratified by MELD score. Based on this model, for patients with MELD scores of 9-11, the posttransplant death rate was more than 4 times the waiting-list death rate (HR ¼ 4.37; P ¼ 0.049). Figure 3 . Transplant survival benefit stratified by MELD score. PVT is associated with a shift in the benefit curve. Benefit is measured as the ratio hazard for mortality with a transplant/hazard for mortality on the wait-list (HR TX/HR WL). A ratio less than 1 suggests a benefit from transplantation and a ratio greater than 1 suggests no benefit from transplantation. The threshold for transplant benefit among patients without PVT was MELD > 11, whereas for patients with PVT, the threshold was MELD > 13. Furthermore, among patients with low MELD score, liver transplant benefit was reduced by PVT.
categories. This part of the analysis was carried out using a model with separate transplant/waiting-list HRs for cross-classifications defined by PVT and MELD category. Based on this model, for patients with MELD scores from 9-11, the posttransplant death rate was more than 4 times the death rate on the waiting list (HR ¼ 4.37; P ¼ 0.049). The difference between the PVT and non-PVT benefit HRs was nonsignificant for all other MELD categories (Fig. 2) . Based on Fig. 2 , it appears that the difference between PVT and non-PVT benefit HRs is more pronounced in categories of patients with low MELD scores. However, the model described in the preceding paragraph is somewhat under-powered from at least 2 perspectives. First, it does not attempt to directly quantify such trends. Second, the power to detect significant PVT effects on MELD category-specific benefit is largely dictated by the category-specific number of patients with PVT and number of transplants.
Therefore, we next fitted a more parsimonious model which assumed a piece-wise continuous decrease in the PVT-specific benefit HRs (estimated with linear splines). The purpose of this model was to estimate the MELD score at which the benefit HR ¼ 1.0. Based on the results depicted in Fig. 3 , PVT was associated with a shift in the benefit curve. More specifically, the threshold for transplant benefit among patients without PVT was MELD >11, whereas for patients with PVT, it was MELD >13. Furthermore, among patients with low MELD scores, liver transplant benefit was reduced by PVT.
DISCUSSION
In this study, we assess the survival benefit of liver transplantation among patients with PVT. Compared with liver transplant candidates without PVT, candidates with PVT do not have different rates of liver transplantation or survival on the waiting list. In contrast, liver transplant recipients with PVT have significantly inferior survival. In addition, among patients with low MELD scores (MELD <12), liver transplant benefit was significantly reduced by PVT, with a posttransplant mortality more than 4 times the waitinglist mortality. Conversely, regardless of PVT status, patients with a MELD >13 do benefit significantly from liver transplantation. Based on these observations, policy initiatives facilitating early access to transplantation for patients who have cirrhosis and PVT do not seem appropriate.
The optimal management of patients who have cirrhosis with PVT is not known. The presumed pathophysiologic implications of PVT include increased portal hypertension and decreased synthetic liver function related to decreased portal flow.
1 Previous studies have documented inferior survival among patients who have cirrhosis with PVT, but these reports have not controlled for severity of illness and have been from individual centers with limited sample size. [1] [2] [3] 21 Older reports documenting an increased risk of mortality with PVT from gastrointestinal bleeding may no longer be relevant considering recent advances in the endoscopic management of varices. Overall, unlike previous work, our current investigation represents a broad assessment of PVT at transplant centers across the United States in the recent era.
The timing of transplantation is central to the clinical management of patients with PVT. It seems logical to perform transplantation earlier (at a lower MELD) in patients with PVT, expecting that they may have a more difficult operation and also presumably a more challenging postoperative course. 22 An alternative perspective is that patients with PVT should only undergo transplantation earlier if they have significantly higher mortality while on the waiting list. Importantly, we did not observe higher mortality among liver transplant candidates with PVT. In addition, we noted significantly less benefit of transplantation among those with low MELD scores. Thus, based on our findings, it is not advantageous to pursue early transplantation for these patients. This is an important observation that should guide the optimal management of these complex patients.
Our work shares the limitations typically associated with analyses of observational data. In studies where treatment is not randomly assigned, there is the potential that unmeasured patient characteristics may confound the results. Also, even though sophisticated methods to impute data were used, missing data affects the validity of our analysis. 17 Importantly, our measure of benefit only considers patient survival and does not consider the potential implications of transplantation on quality of life. Another limitation of this analysis involves the relatively limited duration of posttransplant follow-up (median follow-up is 4.4 years). It is possible that with longer follow-up, perioperative mortality related to PVT may play less of a role than in the current study, and, as a result, cumulative posttransplant mortality may eventually be lower than that on the waiting list for low-MELD patients who have PVT. However, we feel that this is unlikely, because with longer posttransplant followup, the impact of recurrent liver disease, renal dysfunction, and accelerated atherosclerosis may have a disproportionately adverse effect on posttransplant mortality. Patients with PVT and HCC would likely do particularly poorly, because PVT is a marker of advanced HCC. Importantly, very few patients with a diagnosis of HCC and PVT received transplants, and no statistical interaction was noted between PVT and HCC. Transplant centers with more experience may potentially have significantly better posttransplant survival among their PVT patients. Surprisingly, no relationship was noted between transplant center volume and survival among liver transplant patients with PVT. Another important potential limitation of this manuscript involves the MELD calculation among patients with PVT. A portion of PVT patients may have been on warfarin therapy and thus have had an artificially elevated INR with resultant higher MELD score. This would potentially confound the matching methods used to calculate liver transplant survival benefit.
Unfortunately, the SRTR database does not allow identification of patients on anticoagulation therapy.
The most important limitation of our investigation involves the characterization of PVT. In previous work, we assigned a specific definition of PVT to include only cases of occlusive thrombosis of the main portal vein. Such rigorous definition of PVT is not possible using OPTN data, and as a result, we are not able to confirm the reliability of the PVT data reported by transplant centers. For example, some transplant centers may report cases of nonocclusive PVT whereas others may limit PVT reporting to cases of occlusive PVT. Obviously, the clinical implications of occlusive versus nonocclusive PVT may be different. In an effort to assess the reliability of OPTN data on PVT, we conducted a chart review (July 2004 to December 2006) at our center of all patients who underwent transplantation (n ¼ 233) over a 30-month period. These data were compared with our single-center SRTR data. All cases of PVT (n ¼ 9) were correctly reported as occlusive PVT. Finally, with respect to waiting-list mortality, PVT would have ideally been managed as a timedependent covariate, but this was not possible. 13 Despite these limitations, our analysis represents a much larger and more comprehensive assessment of PVT and offers unique insights into the role of liver transplantation for these patients with complex issues.
In summary, our analysis adds important information that can be used in the management of liver transplant candidates with PVT. The findings suggest that performing transplantation in patients with a low MELD score and PVT markedly increases their risk of mortality. Conversely, the most important observation from this study is that the vast majority of patients with PVT significantly benefit from transplantation. Clinicians should carefully consider the risks of liver transplantation in clinically stable patients with cirrhosis and PVT, but clearly should pursue transplantation among patients with PVT who are clinically unstable. Finally, early transplantation of patients with PVT (at a low MELD score) via requests for additional MELD points does not appear to be warranted.
